Introduction
============

Prostate cancer is a common malignant tumor of the male reproductive system. Its incidence has been rising with the changes of social environment in recent years, and its mortality rate ranks high among tumors of the urinary system ([@b1-ol-0-0-11216],[@b2-ol-0-0-11216]). The disease is difficult to be diagnosed in its early stage due to the lack of effective diagnostic methods, so it has usually progressed to the advanced stage when confirmed. Accordingly, many patients with the disease cannot be operated for radical cure, which seriously endangers their life and health ([@b3-ol-0-0-11216]). With the development of molecular biology, the role of microRNA (miRNA) in tumors has been increasingly valued, which also provides a new direction for the diagnosis and treatment of prostate cancer.

As a non-coding single-stranded RNA, miRNA affects the biological functions of cells through its complete or incomplete complementary binding to the 3′-end of target genes ([@b4-ol-0-0-11216],[@b5-ol-0-0-11216]). miR-129 is a miRNA located in the genomic region near the fragile site of chromosome 7q ([@b6-ol-0-0-11216]), and fragile site loss is closely related to the malignancy of prostate cancer ([@b7-ol-0-0-11216]). miR-129-3p is a miRNA closely correlated with the development and progression of tumors and the expression is low in gastric cancer ([@b8-ol-0-0-11216]) and breast cancer ([@b9-ol-0-0-11216]), functioning as a tumor suppressor gene. Smad3 is a transporter that plays a pivotal role in transforming growth factor-β (TGF-β) signaling pathway, and it can promote the invasion and metastasis of tumor cells ([@b10-ol-0-0-11216]). In this study, a bioinformatics website (TargetScan) predicted that Smad3 may be a target gene of miR-129-3p.

In this study, the effects of miR-129-3p on the biological functions of prostate cancer cells as well as its potential targeted and regulatory mechanism were explored, so as to provide more experimental data for the mechanism research of prostate cancer.

Materials and methods
=====================

### Experimental reagents and materials

A total of 74 patients who were pathologically diagnosed with prostate cancer and then underwent radical prostatectomy in Gansu Provincial Hospital of TCM (Lanzhou, China) from 2015 to 2018 were enrolled. All of them had stages I--III of prostate cancer. Detailed information is shown in [Table I](#tI-ol-0-0-11216){ref-type="table"}. After receiving consent, their prostate cancer and adjacent tissues (n=74 each) were obtained during the operation and stored in a liquid nitrogen container. Prostate cancer cells (PC-3, DU-145, and LNCaP cells) and human prostate epithelial cell RWPE-1 (Shanghai Institute of Cell Biology); fetal bovine serum (FBS) and trypsin (Gibco; Thermo Fisher Scientific, Inc.); phosphate buffer solution (PBS) (Hyclone; GE Healthcare Life Sciences); dimethyl sulfoxide (DMSO) (Sigma-Aldrich; Merck KGaA); TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.); dual luciferase reporter gene assay detection kit (Solarbio); reverse transcription kit and PCR master mix (Fermentas; Thermo Fisher Scientific, Inc.); RIPA and BCA protein kit (Thermo Fisher Scientific, Inc.); Annexin V-FITC/PI apoptosis kit (Jiangsu KeyGEN Bio TECH Corp., Ltd.); Transwell chamber (Corning, Inc.); Matrigel (Beijing BioDee Biotechnology Co., Ltd.); Smad3, Bax, Bcl-2 and β-actin antibodies (Cell Signaling Technology); goat anti-rabbit IgG secondary antibody (Wuhan Boster Biological Technology Co., Ltd.); ECL developer (Thermo Fisher Scientific, Inc.). Primers for miR-129-3p and miR-NC were designed and synthesized by Sangon Biotech Shanghai Co., Ltd.

The study was approved by the Ethics Committee of Gansu Provincial Hospital of TCM (Lanzhou, China).

### RT-PCR detection of miR-129-3p and Smad3 expression levels

The prostate cancer tissue and the adjacent tissue were taken from the liquid nitrogen container for grinding. PC-3, DU-145, LNCaP and RWPE-1 cells were prepared into a cell suspension. The TRIzol reagent was used to extract total RNA from the tissues and cells, and an ultraviolet spectrophotometer was used to detect its purity and concentration. Each 5 µg of the total RNA was reverse transcribed into cDNA according to the instructions of the kits. The parameters were as follows: at 37°C for 15 min, at 42°C for 42 min, and at 70°C for 5 min. The transcribed cDNA was used for PCR amplification, during which β-actin was considered as an internal reference for Smad3 mRNA and U6 was considered as an internal reference for miR-129-3p. The reaction system was as follows: 1 µl of cDNA, each 0.2 µl of upstream and downstream primers, 10 µl of 2X Real-time PCR Master mix, 0.4 µl of Passive Reference Dye (50X), and ddH~2~O up to 20 µl. The conditions for Smad3 mRNA were as follows: pre-denaturation at 95°C for 5 min, and then cycling at 95°C for 30 sec and at 60°C for 45 sec for 40 times. The conditions for miR-129-3p were: pre-denaturation at 95°C for 15 min, cycling at 94°C for 10 sec and at 55°C for 40 sec, 40 times, and finally extension at 72°C for 30 sec. The upstream and downstream primers for miR-129-3p were 5′-CTTGTTGCGGTCTGG-3′ and 5′-TGCAGGGTCCGAGGT-3′. The primers for U6 were 5′-CTCGTCTCGGCAGCACA-3′ and 5′-AACGCTTCACGAATTTGCGT-3′. The primers for Smad3 mRNA were 5′-GGAACTTACAAGGCGACAC-3′ and 5′-TGGGAGACTGGACGAAA-3′. The primers for β-actin were 5′-CCCATCTACGAGGGCTAT-3′ and 5′-TGTCACGCACGATTTCC-3′. The relative expression of genes was expressed by 2^−∆∆CT^. A PCR instrument was used for real-time fluorescence quantitative PCR. The experiment was carried out 3 times. Calculation methods were as follows: for all test samples and calibration samples, the CT value of the internal reference gene was used to normalize that of the target gene: ∆CT (test) = CT (target, test) - CT (ref, test) ∆CT (calibrator) = CT (target, calibrator) - CT (ref, calibrator). Next, the ∆CT value of the calibration samples was used to normalize that of the test samples: ∆∆CT = ∆CT (test) - ∆CT (calibrator). Finally, the ratio of expression level was calculated: 2-∆∆CT = the ratio of expression.

### Cell culture, passage, and transfection

The detection of miR-129-3p and Smad3 RNA expression levels showed that the expression level of miR-129-3p in PC-3 and LNCaP cells was lower than that in DU-145 cells, so PC-3 and LNCaP cells were selected for transfection and subsequent experiments. The two kinds of cells were cultured in a DMEM containing 10% PBS at 37°C and with 5% CO~2~. When the adherent growth and fusion reached 85%, the cells were digested with 25% trypsin and then continuously cultured in the medium for passage. Cas9 backbone plasmid was digested with two restriction endonucleases (*Kpn*I and *Xho*I), and then the digested product was recovered through agarose gel electrophoresis. The digested fragment was about 5 kb. After that, miR-129-3p-mimics, miR-129-3p-inhibitor, miR-NC, Si-Smad3, and Si-NC were, respectively, transfected into cells in the logarithmic phase. According to the instruction of the Lipofectamine 2000 manufacturer\'s kit, Lipofectamine 2000 was mixed with miR-129-3p-mimics and then incubated at room temperature for 5 min. Finally, the mixture was evenly mixed with the cells and then transfected at 37°C with 5% CO~2~.

### MTT assay for cell proliferation

The cells transfected for 48 h were inoculated into a 96-well plate, \~100 µl/well and 2×10^3^ cells/ml, and then incubated at 37°C. At the first, third, and fifth days of the incubation, the cells in each well were added with 20 µl of MTT solution respectively, and then continuously cultured in an incubator for 4 h. Then, they were added with 150 µl of DMSO and shaken for 10 min. Finally, a microplate reader was used to measure the optical density (OD) values at 490 nm, so as to detect cell proliferation. The experiment was carried out 3 times.

### Transwell chamber assay for cell invasion in vitro

Matrigel was placed at 4°C overnight, and then the liquefied Matrigel was diluted at 1:8. The transfected PC-3 cells were starved for 24 h and then resuspended with FBS-free DMEM culture solution. After the cell density was adjusted to 2×10^5^ cells/ml, the cells were inoculated in the Transwell chambers of a 24-well plate. After each chamber was added with about 200 µl of the cell suspension, the lower chamber in the plate was added with 600 µl of DMEM culture solution containing 10% FBS, and then the cells were cultured for 24 h in an incubator at 37°C. The supernatant was removed with cotton swabs and the chamber was washed with PBS. The cells in the lower chamber were fixed with 95% ethanol solution for 30 min, and then the chamber was washed again with PBS. Each well was added with about 600 µl of 0.1% crystal violet for staining. The number of migrated cells in 5 random wells was calculated with a microscope, to calculate the average value. The experiment was carried out 3 times.

### Apoptosis

Annexin V-FITC/PI double staining combined with flow cytometry was used to detect apoptosis. The transfected cells were inoculated in a 6-well plate at 3×10^5^ cells/well, digested with 0.25% trypsin, and then washed twice with PBS. The cells were added with 100 µl of binding buffer to prepare into a cell suspension at 1×10^6^ cells/ml. The cells were sequentially added with Annexin V-FITC and PI, and then incubated at room temperature in the dark for 5 min. Finally, a flow cytometer was used to detect apoptosis and calculate the average value. The experiment was carried out 3 times.

### Western blotting

RIPA lysis method was used to extract the total protein from the collected cells, and BCA protein assay was used to detect its concentration. The protein was separated by electrophoresis with 12% SDS-PAGE, transferred to PVDF membrane, and then sealed with 5% skimmed milk powder at room temperature for 2 h. After that, the membrane was added with mouse monoclonal antibodies \[Smad3 (1:500), Bax (1:500), Bcl-2 (1:500), and β-actin (1:1,000)\], and sealed overnight at 4°C. After washing to remove the primary antibodies, the membrane was added with goat anti-rabbit (1:3,000), incubated at 37°C for 1 h, and rinsed with PBS 3 times. Finally, the excess liquid was absorbed dry, and the protein was luminesced and developed with ECL.

### Dual luciferase reporter gene assay

Dual luciferase reporter gene assay was performed to determine whether Smad3 was the direct target gene of miR-129-3p. Smad3 3′UTR dual luciferase reporter plasmids (WT and MUT) that were chemically synthetized by *Xba*I/*Xba*I digestion were, respectively, co-transfected into PC-3 cells with miR-129-3p-mimics or miR-NC using Lipofectamine 2000. After 48-h incubation, the luciferase activity was detected by the dual luciferase reporter system.

### Statistical methods

SPSS 19.0 was used for statistical analysis. GraphPad Prism 6 was used to plot figures. Measurement data were expressed as mean ± standard deviation (means ± SD) and analyzed by t-test. Comparison between groups was analyzed by independent samples t-test and represented by t-test. Comparison between multiple groups was analyzed by one-way analysis of variance, and post hoc pairwise comparison was analyzed by LSD t-test. Pearson was used for correlation analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Expression levels of miR-129-3P and Smad3 and their correlation

The expression levels of miR-129-3p and Smad3 mRNA in prostate cancer and adjacent tissues were detected by qRT-PCR. Compared with those in the adjacent tissue, the expression level of miR-129-3p in the prostate cancer tissue significantly decreased (P\<0.05), while the expression level of Smad3 significantly increased (P\<0.05). The expression levels of miR-129-3p and Smad3 protein in PC-3, DU-145, LNCaP, and RWPE-1 cells were detected. The expression level of miR-129-3p in PC-3, DU-145, and LNCaP cells was lower than that in RWPE-1 cells (P\<0.05), while the expression level of Smad3 was higher than that in RWPE-1 cells (P\<0.05). The expression levels of miR-129-3p and Smad3 protein were negatively correlated (r=−0.855, P\<0.001). According to the analysis of the correlations of miR-129-3p and Smad3 with the clinicopathological features, the expression levels of miR-129-3p and Smad3 were closely related to the degree of tumor differentiation, TNM staging, and lymph node metastasis (P\<0.05) ([Table II](#tII-ol-0-0-11216){ref-type="table"} and [Fig. 1](#f1-ol-0-0-11216){ref-type="fig"}).

### Effects of miR-129-3p on biological functions of prostate cancer cells

PC-3 and LNCaP cells were transfected with miR-129-3p mimics, miR-129-3p inhibitor, or miR-NC for 48 h, to explore the effects of miR-129-3p overexpression on the proliferation, invasion, and apoptosis of prostate cancer cells. Compared with those transfected with miR-NC, the expression level of miR-129-3p in the PC-3 and LNCaP cells transfected with miR-129-3p-mimics significantly increased, while the expression level in those transfected with miR-129-3p-inhibitor significantly decreased ([Fig. 2A and B](#f2-ol-0-0-11216){ref-type="fig"}, P\<0.05). After transfection, MTT assay, cell invasion detection, and flow cytometry were conducted. The overexpression of miR-129-3p significantly inhibited the proliferation and invasion of the cells and promoted apoptosis ([Fig. 2C-E](#f2-ol-0-0-11216){ref-type="fig"}, P\<0.05). According to the results of western blotting, the overexpression increased the expression level of pro-apoptotic protein Bax while decreased the expression level of anti-apoptotic protein Bcl-2. However, the inhibition of miR-129-3p expression significantly promoted the proliferation and invasion of the cells, inhibited apoptosis, and decreased the expression level of pro-apoptotic protein Bax, as well as increased the expression level of anti-apoptotic protein Bcl-2 ([Fig. 2](#f2-ol-0-0-11216){ref-type="fig"}).

### Effects of Smad3 on biological functions of prostate cancer cells

PC-3 and LNCaP cells were transfected with Si-Smad3 or Si-NC for 48 h, to explore the effects of Smad3 on the proliferation, invasion and apoptosis of prostate cancer cells. Compared with those transfected with Si-NC, the expression level of Smad3 in the PC-3 and LNCaP cells transfected with Si-Smad3 significantly decreased (P\<0.05). After transfection, MTT assay, cell invasion detection, and flow cytometry were conducted. The proliferation and invasion of the cells transfected with Si-Smad3 were significantly inhibited while the apoptotic rate significantly increased. According to the results of western blotting, the expression level of pro-apoptotic protein Bax in the cells transfected with Si-Smad3 increased, while the expression level of anti-apoptotic protein Bcl-2 decreased ([Fig. 3](#f3-ol-0-0-11216){ref-type="fig"}).

### Smad3 as the direct target gene of miR-129-3p

Bioinformatics analysis was conducted to predict the target gene of miR-129-3p, to explore the potential mechanism of miR-129-3p in prostate cancer. Smad3 was identified as the target gene of miR-129-3p. Dual luciferase reporter gene assay was carried out to determine whether Smad3 3′UTR could be directly targeted by miR-129-3p. The overexpression of miR-129-3p decreased the luciferase activity of position 1,205-1,212 of Smad3 3′UTR Wt (P\<0.05), without effect on position 1,205-1,212 of Smad3 3′UTR Mut. According to the results of western blotting, the expression level of Smad3 protein in PC-3 cells transfected with miR-129-3p-mimics decreased (P\<0.05) ([Fig. 4](#f4-ol-0-0-11216){ref-type="fig"}).

Discussion
==========

miRNA is a non-coding RNA closely related to the development and progression of tumors, and its role in prostate cancer has been widely discussed in recent years ([@b11-ol-0-0-11216]). There are various miRNA targets that can be used for the diagnosis and treatment of prostate cancer, with more tumor suppressor genes and fewer oncogenes ([@b12-ol-0-0-11216],[@b13-ol-0-0-11216]). A study has shown that the upregulation of miR-101 inhibits the proliferation and invasion of prostate cancer cell line DU145 by inhibiting its target gene EZH2 ([@b14-ol-0-0-11216]). miR-129 is a newly discovered miRNA that is closely associated with the pathogenesis of prostate cancer. According to previous studies, it regulates the growth hormone receptor (GHR) of target genes in LNCaP cells, thereby inhibiting the proliferation of prostate cancer cells ([@b15-ol-0-0-11216]). It also controls the centrosome number of metastatic prostate cancer cells by inhibiting CP110, thus affecting prostate cancer ([@b16-ol-0-0-11216]).

In this study, bioinformatics prediction showed that Smad3 was the direct target gene of miR-129-3p. A previous study reported that Smad3 promotes epithelial-mesenchymal transition of prostate cancer cells and functions as an oncogene in the cells ([@b17-ol-0-0-11216]). Therefore, we speculated that miR-129-3p could play a role in prostate cancer cells by regulating Smad3. According to the results of qRT-PCR, the expression level of miR-129-3p in the prostate cancer tissue and in PC-3, DU-145, and LNCaP cells significantly increased, while that of Smad3 mRNA significantly decreased. In the present study, bioinformatics prediction showed the target relationship between miR-129-3p and Smad3. According to the results of the dual luciferase reporter gene assay, the overexpression of miR-129-3p reduced the luciferase activity of position 1,205-1,212 of Smad3 3′UTR Wt, without effect on position 1,205-1,212 of Smad3 3′UTR Mut. This suggests that Smad3 may be a direct target gene of miR-129-3p. As a multifunctional cytokine, transforming growth factor-β (TGF-β) plays a certain role in cells in autocrine and paracrine manner. Smad3 is an important member of the Smad protein family and a major component of TGF-β/Smad signaling pathway ([@b18-ol-0-0-11216],[@b19-ol-0-0-11216]). We regulated the expression level of Smad3 and found that the downregulation of the expression level significantly inhibited the proliferation and invasion of prostate cancer cells, but significantly increased the apoptotic rate of the cells. A study has shown that the high expression of Smad3 is closely correlated with the recurrence and prognosis of prostate cancer ([@b20-ol-0-0-11216]). At diagnosis, prostate cancer has mostly progressed into castration-resistant prostate cancer ([@b21-ol-0-0-11216]), in which Smad3 promotes the expression of prostate specific antigens and finally the growth of prostate cancer cells through the auxiliary activation of androgen receptors ([@b22-ol-0-0-11216],[@b23-ol-0-0-11216]). These studies support our conclusions.

In order to further confirm the effects of miR-129-3p on the biological functions of prostate cancer cells, miR-129-3p in PC-3 cells was overexpressed through plasmid transfection. The expression level of Smad3 and the proliferation, invasion, and apoptosis of PC-3 cells after the overexpression were also detected. The results showed that the overexpression of miR-129-3p significantly inhibited the proliferation and invasion of PC-3 cells, promoted apoptosis, and significantly decreased the expression level of Smad3 protein. These findings indicate that miR-129-3p may function as a tumor suppressor gene by inhibiting the expression level of Smad3 protein. Apoptosis detection showed that the overexpression of miR-129-3p increased the expression level of pro-apoptotic protein Bax but decreased the expression level of anti-apoptotic protein Bcl-2, which shows that the pro-apoptotic function of miR-129-3p may be related to the regulation of apoptosis-related proteins. Based on previous studies, miR-129-3p regulates the expression level of oncogene WWP1 and then inhibits the proliferation and metastasis of gastric cancer cells ([@b24-ol-0-0-11216]). It can also inhibit the growth of glioblastoma cells through the targeted regulation of E2F5 gene ([@b25-ol-0-0-11216]).

Based on our study miR-129-3p may affect the biological functions of prostate cancer cells through the targeted regulation of Smad3. However, it remains unclear how miR-129-3p regulates other related targets and whether these targets have a synergistic effect with Smad3, which needs further investigation.

In summary, miR-129-3p expression is low in prostate cancer tissue, and inhibits the proliferation and migration of the cells and induces apoptosis by negatively regulating the expression level of Smad3, so it may be a potential target for the diagnosis and treatment of prostate cancer.
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![Correlation of the expression levels of miR-129-3p and Smad3. (A) Compared with that in the adjacent tissue, the expression level of miR-129-3p in the prostate cancer tissue significantly decreased. (B) Compared with that in the adjacent tissue, the expression level of Smad3 in the prostate cancer tissue significantly increased. (C) The expression level of miR-129-3p in PC-3, DU-145 and LNCaP cells was lower than that in RWPE-1 cells. (D) The expression level of Smad3 in PC-3, DU-145 and LNCaP cells was higher than that in RWPE-1 cells. (E) The expression levels of miR-129-3p and Smad3 were negatively correlated (r=−0.855, P\<0.001). \*P\<0.05.](ol-19-02-1195-g00){#f1-ol-0-0-11216}

![Effects of miR-129-3p on the biological functions of prostate cancer cells. (A) The expression level of miR-129-3p in prostate cancer cells after transfection significantly increased. (B) Upregulation of miR-129-3p expression inhibits the proliferation of prostate cancer cells. (C) Upregulation of miR-129-3p expression inhibits the invasion of prostate cancer cells. (D) Upregulation of miR-129-3p expression promotes apoptosis of prostate cancer cells. (E) Upregulation of miR-129-3p expression increases the expression of Bax but decreases the expression level of Bcl-2. \*P\<0.05.](ol-19-02-1195-g01){#f2-ol-0-0-11216}

![Effects of Smad3 on biological functions of prostate cancer cells. (A) The expression level of Smad3 in prostate cancer cells after transfection significantly decreased. (B) The downregulation of Smad3 expression inhibits the proliferation of prostate cancer cells. (C) Downregulation of Smad3 expression inhibits the invasion of prostate cancer cells. (D) Downregulation of Smad3 expression promoted apoptosis of prostate cancer cells. (E) Downregulation of Smad3 expression increases the expression level of Bax but decrease the expression level of Bcl-2. \*P\<0.05.](ol-19-02-1195-g02){#f3-ol-0-0-11216}

![Smad3 as the direct target gene of miR-129-3p. (A) Sequence alignment of putative binding sites in miR-129-3p and Smad3 wild-type regions. (B) miR-129-3p-mimics decreased the fluorescence intensity of PC-3 cells transfected with Smad3-Wt, without effect on Smad3-Mut vectors. (C) Expression level of Smad3 protein in PC-3 cells transfected with miR-129-3p-mimics decreased. (D) Western blot. \*P\<0.05.](ol-19-02-1195-g03){#f4-ol-0-0-11216}

###### 

General information.

  Information                 Patients with prostate cancer (n=74)
  --------------------------- --------------------------------------
  Age (years)                 58.34±8.46
  BMI (kg/m^2^)               22.89±1.22
  Pathological types          
    Adenocarcinoma            25 (33.78)
    Squamous cell carcinoma   27 (36.49)
    Adenosquamous carcinoma   22 (29.73)
  Pathological stages         
    Stage I                   21 (30.43)
    Stage II                  26 (37.68)
    Stage III                 22 (31.88)
  Degree of differentiation   
    High                      20 (28.99)
    Moderate                  23 (33.33)
    Low                       26 (37.68)

###### 

Correlation of miR-129-3p and Smad3 with clinicopathological features.

  Factors                            Relative expression of miR-129-3p   t/F-value   P-value   Relative expression of Smad3   t/F-value   P-value
  ---------------------------------- ----------------------------------- ----------- --------- ------------------------------ ----------- ---------
  Age                                                                    0.953       0.344                                    0.391       0.697
    \<58 years (n=36)                0.51±0.05                                                 2.12±0.34                                  
  ≥58 years (n=38)                   0.52±0.04                                                 2.15±0.32                                  
  TNM staging                                                            17.43       \<0.001                                  15.93       \<0.001
    I and II (n=47)                  0.69±0.07                                                 1.69±0.21                                  
    III (n=22)                       0.41±0.04                                                 2.95±0.45                                  
  Pathological types                                                     0.838       0.437                                    0.292       0.747
    Adenocarcinoma (n=25)            0.46±0.05                                                 2.09±0.32                                  
    Squamous cell carcinoma (n=27)   0.47±0.06                                                 2.16±0.34                                  
    Adenosquamous carcinoma (n=22)   0.45±0.05                                                 2.13±0.33                                  
  Lymph node metastasis                                                  18.63       \<0.001                                  13.46       \<0.001
    Yes (n=29)                       0.40±0.05                                                 3.02±0.48                                  
    No (n=45)                        0.71±0.08                                                 1.72±0.35                                  
  Degree of differentiation                                              14.95       \<0.001                                  10.26       \<0.001
    Low (n=20)                       0.40±0.04                                                 2.86±0.62                                  
    Moderate and high (n=49)         0.62±0.06                                                 1.68±0.31                                  

[^1]: Contributed equally
